An objective method for determining the coagulum cutting time is needed to improve consistency and processing efficiency of goats' cheese. A fibre optic sensor was used to measure the backscatter of near-infrared radiation at 880 nm during the coagulation of skimmed goats' milk for the purpose of predicting coagulum cutting time. A randomised block design, replicated three times, was used to test the effect of three protein concentrations (3, 5 and 7 % (w/w)) on diffuse reflectance parameters for cutting time prediction of milk coagulated at five different temperatures (20, 25, 30, 35 and 40 8C) to assure a wide range of coagulation rates. The inclusion of a protein term in the existing algorithms was essential to reduce the standard error of prediction to under 6 . 2 min. An algorithm including a time-based parameter and a protein term, T cut = b 0 T 2 min (1+c% Protein) was found to predict cutting time with a SEP of 2 . 42 min and an R 2 of 0 . 98. c was considered constant (c =-0 . 0674, goats' milk) representing the protein effect on b 0 . Algorithms using response-based parameters (such as change in reflectance ratio) and the composition parameter protein required additional regression parameters such as temperature and an intercept term to predict the cutting time with the same precision as algorithms using only time-based parameters. Time-based parameters were found to decrease proportionally with increasing temperature and decreasing protein concentration. Response-based and mixed-based parameters were found to decrease with decreasing temperature. Reflectance ratio at cutting time did not significantly change with protein concentration for skimmed goats' milk. The activation energy of k-casein hydrolysis was calculated based on changes in reflectance profile parameters and was found to be in the range 63-72 kJ mol -1 .
Traditionally, in cheese plants, the curd is cut after a predetermined time from the enzyme addition or upon the operator's judgement of cutting time based on a simple empirical evaluation of firmness and visual appearance. Cutting the coagulum after a pre-fixed time is questionable, because variations in milk properties and/or processing conditions affect the optimum cutting time. The subjective operator's judgement may be accurate, if an experienced cheesemaker can recognise optimum gel properties for cutting. A number of authors have noted the disadvantages of an inappropriate cutting time selection (Hori, 1985 ; Payne et al. 1993; Passos et al. 1999) . Cutting the curd too early results in a poor yield, while cutting it too late results in poor quality. These reasons suggest the importance of an objective and inline method for predicting the optimum coagulum firmness for cutting that will maximise cheese yield and quality (van Hooydonk & van den Berg, 1988) .
Several instruments have been employed for monitoring milk coagulation and/or used to determine optimum firmness for cutting the curd. Most of them expose the gel to stress and deformation or even disrupt the curd during measurements. These instruments are not practical for inline applications where continuous monitoring is required. Other cutting time prediction technologies that have been investigated have based their prediction on measured changes in heat induced convection by a hot wire probe (Hori, 1985) , transmission of near infrared radiation (Remeuf et al. 1993) , ultrasonic properties (Gunasekaran & Ay, 1994) , diffuse reflectance (light backscatter) of near infrared radiation (Payne 1995) and torsional and vibrational properties (Schulz et al. 1997) . Optical sensors employing fibres to measure light backscatter have been applied to determine cutting time of cows' milk ) and goats' milk (Castillo et al. 2000) . Desirable characteristics of the optical sensor used in this work include its small size, non-destructive measurement, good sanitation characteristics, and their inherent precision. These characteristics make it a potential technology for cutting time prediction. But in addition, it also has been shown that this technology could be useful for some other interesting applications such as clotting time prediction (Castillo et al. 2000) .
A cutting time sensor technology must perform over a wide range of milk protein levels to be commercially viable. Van Hooydonk & van den Berg (1988) claimed that due to the effect of protein concentration on the rate of firming, it was necessary to adjust the cutting time selection procedure if pre-concentrated milk was used with the traditional manner of cheese production. Payne et al. (1993) conducted diffuse reflectance tests on cows' milk having protein content of 3 . 3, 4 . 3 and 5 . 3 %, and used K 20 as measured by a Formagraph 1 for actual cutting time determination. They observed that a protein term was necessary for the cutting time prediction. They tested the equation K 20 = b 0 +b 1 (T max )+b 2 (% Protein). Payne (1995) reported that a sensor employing optical fibres to measure light backscatter at 820 nm was successfully operated inline in a commercial cheese manufacturing plant for over a year. The algorithm used was T cut = b T max , where b was a constant. In practice, b was obtained to match the cheese plant operator's selection of cutting time with the predicted cutting time. Payne (1995) stated that cutting time was accurately predicted using the above algorithm in a cheese plant where protein concentration was relatively constant. O'Callaghan et al. (1999) affirmed that curd firming time was 4-5 times as sensitive to protein changes as to rennet concentration changes. These authors claimed that in order to describe the ratio of curd firming time to gel time, it was necessary to include a protein term in the prediction algorithm if the protein levels varied significantly. As a result the application of optical sensors in cheese plants, where the protein content changes significantly, requires an algorithm that accounts for the effect of protein. Additionally, it is desirable that the algorithm should contain only one calibratable coefficient to simplify in-plant calibration. Thus the goals of this study were to determine :
1. The effect of temperature and protein concentration on the parameters generated from the diffuse reflectance profile of skimmed goats' milk. 2. A cutting time prediction algorithm, containing only one calibration coefficient that predicts cutting time over a wide range of protein concentrations.
Material and Methods

Experimental design and statistical analysis
A complete randomized block design with protein content and coagulation temperature as main factors and with three replications was used to determine protein and temperature effect on the reflectance profile during coagulation process. Different levels of temperature were selected rather than pH or enzyme concentration to obtain reflectance profiles over a range of reaction rates because temperature could be controlled precisely. Protein concentration was varied to determine the effect of substrate (casein) concentration. Skimmed goats' milk was adjusted to three levels of protein (3, 5 and 7 %) and coagulated at five different temperatures (20, 25, 30, 35 and 40 8C) using a constant concentration of enzyme (0 . 06 ml/kg milk) and calcium chloride (0 . 47 g/kg milk). We observed that homogenization of the samples interfered with the diffuse reflectance signal and a cream on the surface of the samples decreased the accuracy of cutting time determination.
For that reason, we skimmed the milk instead of standardizing the fat to a constant level. A total of 15 tests were conducted for each replication. The diffuse reflectance profile and cutting time were collected for each test and the profile parameters were generated. The data were analysed using the general linear model (GLM) procedure of the Statistical Analysis System (SAS 1 1999, SAS Institute Inc., Cary, NC 27513-2414, USA). Protein concentration and temperature were established as the model's main effects. One batch of milk was used for each replication (three replications). The qualitative variable ' Rep' was added, as a main effect, to the statistical model to quantify the confounded effect of the initial milk composition and the replication effect on the dependent variables. The quantitative variable ' actual fat ', measured for each sample tested, was included in the statistical model as a co-variable to quantify the effect of the unadjusted fat level on the samples. Calcium activity was also included in the model as a co-variable to account for calcium variability between samples. Calcium activity was removed from the final model because it was not significant for the variables tested.
The least square means (LSM) and significance of each treatment were computed using type IV sum of squares. LSM for each protein level was calculated taking into account all the temperatures (15 observations) while LSM for each temperature was computed considering the three protein levels tested (9 observation in total). Differences between treatment means were considered to be significant when probabilities were P <0 . 05. Regression of several different models using the GLM, NLIN and Maximum R 2 procedures of SAS was tested for predicting cutting time, with the independent variables in combination with dependent variables generated from the diffuse reflectance profile.
Enzyme
The coagulation enzyme used was recombinant chymosin (EC 3.4.23.4 , isozyme B) supplied by Chr. Hansen Inc. (Milwaukee, USA) . An enzyme concentration (E o ) of 0 . 06 ml/kg milk was used. This resulted in cutting times between 10 and 90 mins within the range of temperatures and protein concentrations tested. A constant sample dilution was assured by adding a total volume of 10 ml containing 120 ml (2 8C) of recombinant chymosin and the remainder de-ionised water. The enzyme dilution was added to the 2 kg goats' milk sample after thermal equilibrium between the water bath and sample was reached. The diffuse reflectance measurements were initiated immediately upon adding the enzyme to the sample.
Saturation of the enzyme by the substrate
Several authors found that k-casein hydrolysis follows the Michaelis-Menten equation (Garnier, 1963 ; Carlson, 1982; Dalgleish, 1993) :
where, V max is the maximum reaction rate (occurs when the enzyme is saturated by the substrate) (Quiles & Hevia, 1994) , it was estimated that the 3, 5 and 7 % protein content samples contained 0 . 13, 0 . 22 and 0 . 31 mM k-casein/l, respectively.
[S ] should be ten times greater than K m to be considered saturated with the substrate. Based on these calculations the saturation condition was not met for 3 % protein unless the magnitude of K m was smaller than 0 . 013 mM which is unlikely considering the references mentioned previously. Most authors have found that the first order reaction described the enzymatic hydrolysis during coagulation of milk van Hooydonk & Walstra, 1987 ; Lomholt, 1996; Ló pez et al. 1997 Condensed skimmed milk from each batch was analysed for protein concentration. Protein concentration was used to calculate mixture proportions of SMUF and condensed skimmed milk to obtain samples of 2060 ± 0 . 01 g with the target protein concentration (3, 5 and 7 %). The calculated amount of condensed skimmed milk and 100 g less than the required amount of SMUF were weighed, mixed and placed into a 2200 ml plastic container. Anhydrous calcium chloride (0 . 96 g) was added with stirring to each sample by adding 1 . 5 ml of a 5 . 77 M dilution of calcium chloride. The determination of the optimum amount of calcium to add presented a perplexing problem because protein crosslinking needs colloidal calcium phosphate for the reaction to take place. Adding increasing protein while maintaining a constant colloidal calcium phosphate concentration could drive to non-valid conclusions. Adding calcium in proportion to the amount of protein could introduce a confounding effect due to the simultaneous change of both factors. For these reasons, the approach selected was to add a constant level of calcium at an excess amount to all three-protein concentration tested. Sufficient calcium chloride for 7 % protein was added to assure the availability of enough calcium ions for crosslinking reactions at the three protein levels tested. The concentration of free calcium was expected to vary and thus Ca + + ions concentration was measured and placed in the statistical model as a co-variable. After calcium chloride addition, the milk was cooled to 2 8C. A linear regression between ml 1 M NaOH dilution and pH was conducted at 2 8C for milk containing 3, 5 and 7 % protein and used to predict the amount of NaOH needed to adjust the pH of milk samples to 6 . 8. The alkali was added to the milk samples at 2 8C with continuous stirring. The pH-adjusted samples were then stored at this temperature until tested.
The final pH of each sample was adjusted when necessary to 6 . 8 just prior to coagulation by adding either 1 . 0 M HCl or 1 . 0 M NaOH to the sample at 2 8C.
Protein and temperature effect on cutting time
A constant sample dilution was maintained by using deionised water as needed to bring the total volume added (calcium dilution, NaOH, HCL, and/or de-ionised water) to 100 ml. Two 20 ml aliquots from each sample were taken while continuously stirring to verify sample protein and fat concentration. Another aliquot of 20 ml was collected to measure calcium activity. The 2000 g samples were then heated to the desired temperature and transferred to a 2 l vat for coagulation.
Ca
+2 and pH measurements
Measurements of pH were performed using a combination glass pH electrode (BN 81-04, Thermo Orion, Beverly, MA 01915-6199, USA) connected to an expandable ion analyser (EA 940, Thermo Orion). The pH meter had a sensitivity of ± 0 . 01 pH units and was calibrated at 2 8C using a two-point calibration method (Buffer salt 7 . 00 and 4 . 01 ; Thermo Orion). Calcium measurements were made using a calcium-selective electrode (93-20, Thermo Orion) and a single junction reference electrode (90-01, Thermo Orion) filled with the reference electrode filling solution both connected to the expandable ion analyser. The calciumselective electrode had a reproducibility of ± 4 % and it was calibrated using a two-point calibration method by direct measurements. Solutions of 10 -4 and 2r10
were prepared using a 0 . 1 M calcium standard (Thermo Orion). An ionic strength adjustor (Calcium ISA, Thermo Orion) was added to all the calcium standards and samples (ratio of solution to ISA, 50 : 1) so that the background ionic strength was high and constant relative to variable concentrations of calcium ion. The calcium-selective electrode was calibrated at 2 8C and all sample measurements were made at this temperature.
Monitoring diffuse reflectance profiles
The reaction vessel used to monitor sample coagulation was stainless steel (15 cmr13 . 3 cmr15 cm) with a removable insulated lid (to reduce evaporative cooling). Sample temperature was controlled using a circulating water bath (Lauda RM 20, Brinkmann Instrument Inc., Westbury, NY 11590-0207, USA) with a control accuracy of ± 0 . 01 8C. Milk temperature was measured with a precision thermistor thermometer (5831 A, Omega Engineering Inc., Stamford, CT 06907-0047, USA) with resolution of ± 0 . 01 8C and accuracy of ± 0 . 2 8C. Samples (2000 g) were warmed using a microwave oven to 0 . 1 8C above the target test temperature and transferred to the reaction vessel. The samples were allowed to thermally equilibrate for approximately 15 min. Both the water bath and milk temperatures were measured during each test to insure that they were in thermal equilibrium. A 10 ml dilution (2 8C) containing 120 ml enzyme was added to the milk and stirred thoroughly with a spatula for 1 min. Reflectance measurements were taken simultaneously with enzyme addition to the milk. The diffuse reflectance of coagulating goats' milk was monitored using a fibre optic sensor The sensor output voltage was zeroed to 1 V by placing a black rubber stopper over the distal tip of the probe (zero light reflectance). The sensor gain was calibrated to give a 2 V signal response when placed in goats' milk. The reflectance voltage was collected every two seconds with an average recorded every six seconds. The first ten data points (1 min of data) were corrected for the 1 volt zero offset and averaged to describe the initial voltage response (V 0 ). A reflectance ratio (R) was calculated by dividing the sensor output voltage (less the 1 V zero output) by V 0. The first derivative (Rk) of the reflectance ratio profile was calculated by using 4 min of the most recently collected data (41 data points) by linear least-squares regression. The calculated slope was assigned to the midpoint of the data set used. The second derivative (Ra) was calculated in a similar manner. The following reflectance parameters were derived from the reflectance ratio profile : T max , the time to the maximum slope of the reflectance ratio profile ; T 2 max , the time to the maximum second derivative of the reflectance ratio profile ; T 2 min , the time to the minimum second derivative of the reflectance ratio profile ; D max , the maximum value of dR/dt ; R max , the reflectance ratio at T max ; and R cut , the reflectance ratio at the actual cutting time.
Visual cutting time determination
A glass rod (8 mm diameter and 30 cm in length) with rounded ends was used to assist in the determination of cutting time (T cut ). As the curd approached T cut , the glass rod was positioned vertically without support in the 12 cm of milk in the reaction vat. When the glass rod maintained the vertical position for a period of 3 s, three consecutive times, then a manual determination of T cut was initiated. T cut was determined with a knife when the edges of the cuts were clean and smooth (Castillo et al. 2000) .
Results and Discussion
A model system was used to monitor the coagulation of goats' milk to determine which variables would accurately describe the coagulation process and ultimately be useful in developing mathematical models for prediction of an accurate cut point. A new batch of goats' milk was used for each experimental replication. Table 1 shows the chemical composition of the raw goats' milk, the condensed skimmed milk and the samples adjusted for protein for the three different batches (replications) of milk used in these coagulation experiments. Fat concentration in the milk varied between batches from 4 . 14 to 5 . 61 %, which affected the fat concentration in the condensed skimmed milk and subsequently the final fat concentration in the mixed test samples where protein was standardized. Therefore, most of the modelling calculations were adjusted for replication or ' Rep ' and for the actual fat concentration in the final mixed test sample.
Dependent variables tested were classified as timebased (T max , T 2 max , T 2 min , T cut ), response-based (R max , R cut , V 0 ) or mixed-based (D max ) parameters as a function of their units (Castillo et al. 2000 ). An analysis of variance (ANOVA) was conducted to determine the main sources of variation in the dependent variables. Analysis of variance and F statistics for dependent variables are shown in Table 2 . Temperature was found to have a statistically significant effect on all dependent variables tested. Protein had a statistically significant effect on T max , T cut , T 2 max , T 2 min , R max and V 0 but not on R cut and D max . ' Rep' was significant for T cut , D max and V 0 . The co-variable fat was found to be statistically significant for each variable except D max . The interaction ProteinrTemperature was significant for T max , T 2 max and T 2 min . Least square means of the studied parameters for protein and temperature main treatments are presented in Table 3 .
Effect of protein concentration on time-based parameters
The protein concentration effect on the four time-based parameters was statistically significant (P <0 . 0001) except for least square means of T cut between 3 and 5% protein as shown in Table 3 . TemperaturerProtein interaction was significant for T max , T 2 max and T 2 min . The time-based parameters increased with increasing protein concentration while the relative time distance between T max and T cut , measured as (T cut -T max )/T max , decreased significantly (P <0 . 0001; Fig. 1 ). An initial increase in the hydrolysis rate with increasing protein was expected for our experimental conditions but this data does not suggest that it occurred. Although some authors found a decrease rather than an increase in clotting time, when protein concentration increased by ultrafiltration (Reuter et al. 1981; Lucisano et al. 1985; Mehaia & El-khadragy, 1998; O'Callaghan et al. 1999) , the results of this study are consistent with the work of others. Dalgleish (1980) claimed that increasing the casein concentration by ultrafiltration or addition of a milk ultrafiltrate brought about an increase in final curd firming while clotting time was not affected or just slightly increased. Similarly, Culioli & Sherman (1978) , Schmutz & Puhan (1978) and Garnot et al. (1982) found that clotting time increased with increasing protein content. In addition, several authors found that the k-casein hydrolysis rate constant did not increase with Saputra, 1992 ; Hylding, 1993; Lomholt, 1996) . This unexpected drop in the hydrolysis rate constant might result from the retardation of the effective diffusion rate of the enzyme due to increasing amount of substrate and might explain why T max , T 2 max , T 2 min and T cut increased when protein concentration increased. This is in agreement with the findings of Muhr & Blanshard (1982) , who observed that the diffusion rate of a solute in a polymer solution is dependent on the polymer concentration. Likewise, Van Hooydonk et al. (1984) proposed a diffusion model to describe the enzymatic hydrolysis of k-casein in milk, in which the diffusion rate of enzymes to the casein micelle surface controls the reaction rate. Saputra (1992) analysed the enzymatic hydrolysis of milk by measuring diffuse reflectance of near infrared light radiation. He assumed that enzymatic hydrolysis followed first order kinetics as described by the above mentioned diffusion model and found that T max increased with increasing protein concentration at all wavelengths, temperatures and enzyme concentrations tested. The results of our study confirmed his work. From another point of view, it is well known that para-k-casein produced in the micelles by renneting can only aggregate when the whole micelle is capable of aggregating, thereby causing the lag stage that can be observed before aggregation. A casein micelle is able to aggregate only if a critical percentage of its k-casein has been hydrolysed (Dalgleish, 1993) . Therefore if the enzyme is saturated by the substrate, an increase in the concentration of casein micelles, at a constant enzyme concentration, should bring about an increase in the lag time for the required percentage of hydrolysis to be achieved. The enzyme may have been saturated by the substrate under the experimental conditions of this study, though this is unlikely, as discussed in Materials and Methods. This might explain the observed increase in the four time-based parameters studied. On the other hand, it was expected that an increase in protein concentration would increase the aggregation rate because of the increased number of collisions between the casein micelles. Several authors have found that the rate of curd firming increased with increasing protein concentration (van Hooydonk & van den Berg, 1988; Guinee et al. 1997) . Even with an increased aggregation rate as a result of increased protein concentration, the delay in the beginning of aggregation could lead to a larger T cut . This could explain why T cut increased when protein increased and at the same time the relative time distance between T max and T cut decreased when protein concentration increased. Table 3 . Effect of temperature and protein on the time to the maximum first derivative of the reflectance ratio profile (T max ), actual cut time (T cut ), time to the second derivative maximum (T 2 max ), time to the second derivative minimum (T 2 min ), value of the slope at T max (D max ), reflectance ratio at T max (R max ), reflectance ratio at actual cut time (R cut ), and initial voltage (V 0 ) of coagulating goat's milk Reflectance profile parameters 
Effect of protein concentration on response and mixed-based parameters
Three response-based parameters (R max , R cut , V 0 ) and one mixed-based parameter (D max ) generated from the diffuse reflectance profile were determined for each sample. Least square means of these variables are presented in Table 3 . V 0 and R max increased with increasing protein (P <0 . 0001) while no significant effect of protein was found on R cut and D max . The observed behaviour for V 0 agreed with other authors. Payne et al. (1993) found that the sensor output voltage (V) increased with increasing protein and Lochte- Watson et al. (1998) claimed that diffuse reflectance of milk increased linearly with an increase in protein concentration. On the other hand, diffuse reflectance ratio at cutting time (R cut ) was found to be the same at different protein concentrations. It appears that for skimmed milk, protein concentration does not affect the final diffuse reflectance ratio but only the rate at which it is reached. In addition, the observed time decrease between T max and T cut when protein concentration increases qualitatively agrees with the conclusions found by Garnot et al. (1982) . They observed a decrease in the time period between clotting time and cutting time as protein concentration increased for curd having firmness equivalent to that typically attained in the manufacture of cheddar cheese.
Effect of temperature on time-based parameters
It is well known that temperature affects both the enzymatic hydrolysis and the aggregation reaction of milk coagulation (McMahon & Brown, 1984 ; van Hooydonk & van den Berg, 1988) . These authors observed that the aggregation phase is more sensitive to temperature, which has far less effect on the enzymatic hydrolysis than on the aggregation reaction. Ustunol et al. (1993) and Castillo et al. (2000) respectively monitored diffuse reflectance of coagulating cows' and goats' milk using an optical probe and observed that T max and T cut decreased as temperature increased. Results confirm these previously reported outcomes. Least square means of the four time-based parameters determined (T max , T 2 max , T 2 min and T cut ) are shown in Table 3 . The rate of change in these parameters decreases with increasing temperature. This observation could be attributed to the non-linear relationship between temperature and the four time-based parameters. Most authors found a non-linear effect of temperature on clotting time (Ramet & Weber, 1980; Zoon et al. 1988 ) (Fig. 2) . Zoon et al. (1988) claimed that at higher temperatures, the renneting reaction is faster, resulting in a measurable value of the moduli sooner after rennet addition (especially between 20 and 30 8C). Mehaia & Cheryan (1983) calculated the Q 10 values for the whole milk coagulation process (primary plus secondary phases) between 20-30 8C and 30-40 8C. They found a higher value of Q 10 between 20 and 30 8C than between 30 and 40 8C, which may be related to the observed non-linear effect of temperature on clotting time. This behaviour could be explained by heat inactivation of chymosin with increasing temperatures.
Effect of temperature on response and mixed-based parameters Table 3 shows the least square means of the responsebased parameters (V 0 , R max , R cut ) and the mixed-based parameter (D max ). V 0 significantly increased with increasing temperature. R max , R cut and D max also increased significantly when temperature increased except for the values obtained between 20 and 25 8C, in which the increase was not significant. These results agree with Castillo et al. (2000) who found that R max , R cut and D max increased significantly with temperature. The effect of temperature on these parameters was also found to be non-linear.
Effect of temperature on the k-casein hydrolysis rate Saputra (1992) found that diffuse reflectance response for infrared wavelengths of 820, 940, 1250 and 1650 nm have the potential to measure enzymatic hydrolysis of milk. D max , which is the maximum slope of the diffuse reflectance profile, occurs a short time before the Berridge clotting time (Castillo et al. 2000) . Ló pez et al. (1998) found that the maximum rate of change in Gk (rheological elastic modulus) versus time was linearly related to the hydrolysis rate constant at pH values of 6 . 74, 6 . 50 and 6 . 25. Assuming that D max is correlated with the rate of k-casein hydrolysis, the following Arrhenius-type equation can be written to model the effect of temperature on k-casein hydrolysis: E a = Estimate of the activation energy of k-casein hydrolysis. T = Absolute temperature. As expected a linear relationship was found between ln D max and 1/T at each protein concentration (for each protein concentration, every D max value at each temperature was the average of three replications). R 2 values were 0 . 999, 0 . 996 and 0 . 995 for 3, 5 and 7 % protein respectively. Calculated E a values for each protein concentration gave 63 . 5, 68 . 1 and 71 . 7 kJ mol -1 for 3, 5 and 7% protein, respectively. The E a values increased proportionally with increasing protein concentration, even though this effect was not significant. This result is in agreement with Saputra (1992) , who observed that the hydrolysis rate constant was inversely related to protein concentration. Other authors have found this inverse relation between substrate concentration and hydrolysis rate constant in milk Hyldig, 1993 ; Lomholt, 1996) .
Algorithm development for cutting time prediction Castillo et al. (2000) tested several multiple linear regression models for predicting T cut in goats' milk. They found an algorithm that predicted T cut with a standard error of 84 . 5 s using a single parameter (T max ) derived from the diffuse reflectance profile. This model (T cut = b * T max ) had the advantage that only one regression coefficient (b) was needed to predict the operator's judgement of T cut . b was determined in the cheese plant by dividing the operator's selection of T cut by T max . An analysis of variance was conducted to determine the effect of protein concentration on b. The results showed that b decreased with increasing protein (P <0 . 0001). This suggests that including a protein term in the cutting time prediction equation would improve the prediction accuracy of the algorithm.
Dependent and independent variables as well as three calculated dependent variables (Protein * T max ), (Protein * R max ) and ((T 2 min -T 2 max ) * (T max )) were used in regression models for predicting T cut and R cut . SAS 1 (1999) procedures NLIN, GLM and Maximum R 2 were used in the regression analysis. The Maximum R 2 procedure was used to select the best one-variable, two-variable and threevariable models for predicting T cut and R cut .
The parameters T 2 min , (Protein * T max ) and Protein were found to be the best descriptors of T cut throughout the various linear regression models tested as shown in Table 4 . According to the SEP and R 2 , Model I was the best oneparameter algorithm and contained the parameter T 2 min . The SEP was viewed as too large for an accurate prediction of T cut . Model II was the best two-variable algorithm and contained parameters T 2 min and (Protein * T max ). The best three-parameter model (Model III) included the terms (Protein * T max ), Protein and T 2 min . Even though Models II and III had smaller SEP they were not considered practical for plant application because they would require three and four regression coefficients respectively to be determined in the cheese plant. Model IV was T cut = b * T max and was tested for comparison with the tests described by Castillo et al. (2000) . To simplify in-plant calibration, Model V was developed from Model I and contained only T 2 min without an intercept. Model V was found to have a lower SEP than Fig. 3 were removed from the regression, the SEP and R 2 values were 2 . 19 min and 0 . 984 for Model IX and 2 . 25 min and 0 . 984 for Model VIII. This result shows that for skimmed milk, response-base parameters can be used to predict T cut , when adjusted for protein and temperature, with accuracy equal to time-based parameters. A conclusion from this comparison is that time-based parameters are better predictors of cutting time because they do not require adjustment for coagulation temperature. A comparison of the effect of protein content on time-based and response-based prediction models is shown in Fig. 4 . The first set of figures (a, b) shows that a single parameter algorithm for either time-based or response-based model is inadequate for predicting cutting time when protein varies in skimmed milk. The second set of figures (c, d) shows that a one-parameter time-based and a one-parameter response-based algorithm with an intercept can predict cutting time in skimmed milk when protein is constant. Finally, the third set of figures (e, f ) shows a comparison between Model VI and Model IX. The conclusion from this analysis is that both response-based and time-based parameters can be used to predict T cut with equal accuracy for skimmed milk; however, the response-based algorithm must include temperature and an intercept.
These data show the advantage of time-based parameters for predicting cutting time, and that when protein concentration varies, a protein term is required in either a response-based or time-based cutting time prediction model to account for the effect of protein. This result is in agreement with Payne et al. (1993) and with O'Callaghan et al. (1999) . Models containing T 2 min instead of T max showed a lower SEP and higher R 2 value. It should be noted that T max and T 2 min have basically the same behaviour and are highly correlated.
As a resume, our results confirm that prediction of cutting time by backscatter of near infrared radiation is accurate when protein concentration is kept constant. But in addition, it has been shown that when protein concentration varies in cheese production (ultrafiltration, adding casein or skimmed milk powders) a protein term is required to accurately predict cutting time. Models for cutting time prediction containing time-based parameters are more advantageous than those including response-based parameters because the former do not need the inclusion in the algorithm of temperature and an intercept.
Conclusions
Several multiple regression models for predicting the cutting time were tested with protein concentration varying from 3 to 7 % in a wide range of coagulation rates attained by using temperatures between 20 and 40 8C. Models containing T 2 min predicted cutting time with less standard error of prediction than models using T max . Models, which did not include a protein term, had SEP greater than 6 . 2 min. An algorithm including T 2 min and a protein term, T cut = b 0 T 2 min (1+c Protein), was found to predict cutting time with a SEP of 2 . 42 min. c was considered a constant of -0 . 0674 for goats' milk and described the protein effect on b 0 . Cutting time prediction based on response parameters needed the addition of other terms, such as temperature, to achieve accuracy similar to time-based models. Time-based parameters decreased when temperature increased or protein decreased while response-based parameters and mixed-based parameters increased with increasing temperatures. Values of activation energy for the enzymatic hydrolysis of goats' milk coagulation were found to be between 63 and 72 kJ mol -1 using a calculation method based on diffuse reflectance. 
